Background: Poor surface anatomic landmarks are highly predictive of technical difficulty in neuraxial blockade. The authors examined the use of ultrasound imaging to reduce this difficulty. Methods: The authors recruited 120 orthopedic patients with one of the following: body mass index more than 35 kg/m 2 and poorly palpable spinous processes; moderate to severe lumbar scoliosis; or previous lumbar spine surgery. Patients were randomized to receive spinal anesthetic by the conventional surface landmark-guided technique (group LM) or by an ultrasound-guided technique (group US). Patients in group US had a preprocedural ultrasound scan to locate and mark a suitable needle insertion point. The primary outcome was the rate of successful dural puncture on the first needle insertion attempt. Normally distributed data were summarized as mean Ϯ SD and nonnormally distributed data were summarized as median [interquartile range]. Results: The first-attempt success rate was twice as high in group US than in group LM (65% vs. 32%; P Ͻ 0.001). There was a twofold difference between groups in the number of needle insertion attempts (group US, 1 [1-2] vs. group LM, 2 [1-4]; P Ͻ 0.001) and number of needle passes (group US, 6 [1-10] vs. group LM, 13 [5-21]; P ϭ 0.003). More time was required to establish landmarks in group US (6.7 Ϯ 3.1; group LM, 0.6 Ϯ 0.5 min; P Ͻ 0.001), but this was partially offset by a shorter spinal anesthesia performance time (group US, 5.0 Ϯ 4.9 vs. group LM, 7.3 Ϯ 7.6 min; P ϭ 0.038). Similar results were seen in subgroup analyses of patients with body mass index more than 35 kg/m 2 and patients with poorly palpable landmarks. Conclusion: Preprocedural ultrasound imaging facilitates the performance of spinal anesthesia in the nonobstetric patient population with difficult anatomic landmarks.
N EURAXIAL blockade traditionally has been accomplished using a surface landmark-guided technique in which the approximate location of the neuraxial midline and lumbar interspinous and interlaminar spaces are determined based on palpation of the intercristal line and the tips of the spinous processes. Not surprisingly, the technical difficulty of neuraxial blockade correlates with the quality of palpable surface landmarks. [1] [2] [3] [4] [5] These surface landmarks may be absent, indistinct, or distorted in many adult patients because of obesity, previous spinal surgery, deformity, or degenerative changes of aging. Obesity, in particular, affects more than 30% of the adult population in the United States 6 and as many as 50% of patients presenting for joint replacement surgery. 7, 8 In an audit of central neuraxial blockade performed for total hip or knee arthroplasty at our institution between 2007 and 2009, 48% of patients were 70 yr or older, and 22% had a body mass index (BMI) greater than 35 kg/m 2 (K.J.C., unpublished retrospective data, December 2010).
Reducing the technical difficulty of neuraxial blockade is desirable because multiple needle insertion attempts may increase the risk of complications such as postdural puncture headache, paresthesiae, and epidural hematoma. 1,9 -12 Preprocedural ultrasonography of the spine has been shown to facilitate labor epidural insertion. 13, 14 However, limited data exist on its utility in the older nonobstetric population. In a recent feasibility study of ultrasound-guided spinal anesthesia in patients undergoing total joint replacement, we consistently identified and marked the interlaminar spaces using ultrasound imaging. 15 Spinal anesthesia was successful with a single needle insertion attempt in 84% of these patients, despite that nearly half of them had poorly palpable surface landmarks. This compares favorably with large prospective cohort studies, which have found that successful neuraxial blockade is achieved on the first needle insertion attempt in only 61-64% of all patients. 1, 2, 16 The current study was designed to test the hypothesis that the ultrasound-guided technique reduces the technical difficulty of spinal anesthesia in the older nonobstetric patient population with difficult surface anatomic landmarks compared with a conventional surface landmark-guided technique.
Materials and Methods

General Description
This prospective, randomized, controlled trial investigated the impact of an ultrasound-guided technique on the ease of performance of spinal anesthesia in patients with difficult surface anatomic landmarks. The study was conducted between July 2009 and July 2010 at the Toronto Western Hospital (Toronto, Ontario) and was registered with Clini-calTrials.gov (NCT00956137) before recruitment. Approval for the study was obtained from the University Health Network Research Ethics Board, and written informed consent was obtained from all patients.
Patients presenting for elective orthopedic lower limb surgery with spinal anesthesia were considered eligible for enrollment if they had difficult surface anatomic landmarks, defined as one or more of the following: (1) poorly palpable or impalpable spinous processes and a BMI of Ͼ35 kg/m 2 ;
(2) moderate to severe lumbar scoliosis on clinical examination; (3) previous lumbar spinal surgery involving removal of two or more spinous processes of the L2-L5 vertebrae. Patients were excluded from the study if they were unable to provide informed consent or if there were clinical contraindications to neuraxial blockade.
After patients gave consent, a computer-generated block randomization schedule was used to randomize patients in a 1:1 ratio and in blocks of 10 to 1 of two treatment groups: either the conventional surface landmark-guided technique (group LM) or an ultrasound-guided technique (group US) of spinal anesthesia. Group allocation was concealed from study personnel to the time of the procedure using a system of sealed opaque envelopes. The patient, physician performing the spinal anesthesia, and outcome assessor were subsequently blinded to group allocation.
All study procedures were performed 30 -45 min in advance of surgery in a room dedicated to the performance of regional block. Standard monitors (three-lead electrocardiogram, noninvasive blood pressure, and pulse oximetry) were applied, intravenous access was established, and 1-2 mg intravenous midazolam was administered as needed for anxiolysis in all patients.
Study Interventions
Spinal anesthesia was performed in patients randomized to group LM using conventional surface anatomic landmarkguided technique and a midline approach. The operator in all cases was a clinical fellow in regional anesthesia or consultant with more than 5 yr clinical experience. Patients were placed in a sitting position, whereupon the pertinent surface anatomic landmarks (iliac crests, spinous processes, interspinous gaps) were palpated to determine the location of the neuraxial midline and lumbar intervertebral spaces. The quality of the surface landmarks was graded according to the overall ease with which these landmarks could be palpated (4-point scale: easy, moderate, difficult, or impossible). The spinal anesthesia was performed with a 25-gauge, 90mm, pencil-point needle inserted through a 20-gauge introducer needle (MED-RX spinal anesthesia kit; Benlan, Oakville, Ontario, Canada). The operator was given the discretion to use a 25-gauge 120-mm spinal needle for the initial attempt, to make subsequent changes in the needle gauge or length, or to attempt a different lumbar intervertebral space if deemed necessary. If dural puncture was unsuccessful after four or more needle insertion attempts, the operator was allowed (but not required) to use other means to locate a lumbar interlaminar space, including a paramedian needle approach, ultrasound, a combined spinal-epidural technique, or a second anesthesiologist. Once dural puncture was achieved and confirmed by backflow of cerebrospinal fluid from the needle hub, a standard intrathecal anesthetic solution of 15 mg plain bupivacaine, 0.5%, and 100 g morphine was injected. Success of the spinal anesthesia was determined by a motor and sensory block to the T7 dermatome or higher within 30 min of injection.
Patients randomized to group US were placed in a sitting position and had their surface anatomic landmarks assessed and graded in the same manner as that used for group LM. Before the spinal anesthesia, ultrasound imaging of the lumbar spine was performed by an anesthesiologist with experience with more than 30 ultrasound-guided neuraxial blocks, using a Sonosite M-Turbo (Sonosite, Bothell, WA) ultrasound machine and a low-frequency (2-5 MHz) curvedarray probe. A systematic ultrasound scanning protocol was used, which previously was described in detail 15 and is summarized briefly here. The probe was oriented longitudinally to obtain a parasagittal oblique view of the lumbosacral spine, in which the L2-L3 to L4 -L5 interlaminar spaces were identified and marked by counting upward from the sacrum ( fig. 1A ). The probe was then rotated 90 degrees to obtain a transverse view of the lumbar spine ( fig. 1B) . The L2-L3 to L4 -L5 interspinous and interlaminar spaces were identified by visualizing the intrathecal space between the ligamentum flavum-dura mater complex and the posterior aspect of the vertebral body. The midline (interspinous ligament) and the location of each interlaminar space were marked on the skin ( fig. 1 , C and D). The intersection of these two markings was used to guide a midline approach to spinal anesthesia, which was performed in a manner similar to that described for group LM. Both the ultrasound scan and spinal anesthesia were performed by the same operator. The interlaminar level used for the initial attempt was left to the operator's discretion but was based in general on the relative ease with which the intrathecal space could be visualized in the transverse view.
Study Outcomes
The primary outcome was the rate of successful dural puncture on the first needle insertion attempt. A subsequent needle insertion attempt was defined as needle insertion preceded by complete withdrawal of the spinal or introducer needle from the patient's skin. In contrast, a needle redirection attempt was defined as any change in needle insertion trajectory that did not involve complete withdrawal of the needle from the patient's skin. We defined a needle pass as either a needle insertion or redirection attempt. Secondary outcomes included the following: All data, including needle insertions and passes, were measured and recorded by an independent observer (research assistant).
Statistical Analysis
We based the sample size calculation on the primary outcome of successful dural puncture on the first needle insertion attempt. The expected rates, based on previous studies in Fig. 1 . In the paramedian sagittal oblique view, each lumbar interlaminar space is centered in turn on the ultrasound screen (A). A corresponding skin mark is made at the midpoint of the probe's long edge (B). The probe is then turned 90 degrees to obtain the transverse view (C). The midline is centered on the ultrasound screen, and skin marks are made at the midpoint of the probe's long and short edges (D). The intersection of these two marks provides an appropriate needle insertion point for a midline approach to the epidural or intrathecal space at that level. (From Ultrasound Imaging for Regional Anesthesia: A Practical Guide Booklet, 3rd edition, Ultrasound for Regional Anesthesia. Used with permission from the publisher.)
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the general patient population, were 60% and 84% with the surface landmark-guided technique 16 and ultrasound-guided technique, 15 respectively. We concluded that 80 patients would be required in each group (160 patients in total) to achieve a power of 0.9 and a type 1 error rate of less than 0.05. Statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL). Categorical binary outcomes were compared using the chi-square test. Continuous data were tested for normality using Q-Q plots and the Shapiro-Wilk W statistic. Normally distributed outcome data were summarized as mean Ϯ SD and were compared between groups using the independent-measures t test. Nonnormally distributed data were summarized as median [interquartile range] and were compared using the Mann-Whitney U test. A two-tailed P value Ͻ0.05 was taken to indicate statistical significance.
Results
The study was stopped early after an unplanned interim analysis revealed a significant difference in all outcomes related to ease of performance of the spinal anesthesia. We applied the Haybittle-Peto rule 17 and specified a nominal significance level of 0.001 for early stopping so as to preserve an overall type 1 error rate of less than 0.05. 18 A total of 145 patients were recruited into the study, 25 of whom were excluded before randomization for the following reasons: staff with expertise in the ultrasound-guided technique were unavailable (14 patients); it was deemed that there was insufficient time to perform study assessments (8 patients); or the surgical procedure was canceled by the surgical team (3 patients).
One hundred twenty patients completed the study; no data were missing, and no patients were lost to follow-up.
Their clinical characteristics are summarized in table 1. Patients in group US had a lower mean BMI (38.5 Ϯ 8.8 vs. group LM, 41.2 Ϯ 5.9 kg/m 2 ; P ϭ 0.051) and fewer of them had surface landmarks that were difficult or impossible to palpate (62% vs. group LM 83%). However, there were more patients with scoliosis in group US (15% vs. group LM, 3%).
Successful dural puncture on the first needle insertion attempt was achieved in twice as many patients in group US than in group LM (65% vs. 32%, respectively; P Ͻ 0.001) (table 2 and fig. 2 ). There was also a twofold difference between groups in the median number of needle insertion attempts (group US, 1 [1] [2] vs. group LM, 2 [1] [2] [3] [4] ; P Ͻ 0.001) and number of needle passes (group US, 6 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] vs. group LM, 13 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ; P ϭ 0.003) required to achieve dural puncture (table 2) .
Not surprisingly, significantly more time was required to establish landmarks by ultrasound imaging compared with palpation of surface anatomic landmarks (6.7 Ϯ 3.1 vs. 0.6 Ϯ 0.5 min, respectively; P Ͻ 0.001) (table 2). This was partially offset by a reduction in the time required to perform the spinal anesthesia in group US (5.0 Ϯ 4.9 min) versus group LM (7.3 Ϯ 7.6 min; P ϭ 0.038). The total procedure time, defined as the time required to establish landmarks and perform the spinal anesthetic, was 4.2 min longer in group US (12.2 Ϯ 6.0; mean difference, 95% CI 1.7-6.7 min) than in group LM (7.9 Ϯ 7.7; P Ͻ 0.001).
To address the potential confounding effect of the observed differences in BMI and quality of surface landmarks between both groups, we performed post hoc subgroup analyses of patients with BMI more than 35 kg/m 2 (group US, n ϭ 46; group LM, n ϭ 56) and patients with landmarks that were difficult or impossible to palpate (group US, n ϭ 
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37; group LM, n ϭ 50). These results are presented in table 3. As shown, the direction and magnitude of between-group differences were similar to those of the overall analysis, the only exception being the lack of a statistically significant difference in time taken to perform the spinal anesthetic. A change in spinal needle was required in 4 (6.7%) patients in group US and 16 (26.7%) in group LM (P ϭ 0.003). In group US, a longer needle (25-gauge, 120 mm) was requested for one patient and a larger-gauge needle (22gauge, 90 mm) for one patient. In group LM, a longer needle (120 mm) was requested for 11 patients (25-gauge in 8 and 22-gauge in 3) and a larger-gauge needle (22-gauge) in 5 (90 mm in 2, and 120 mm in 3). A needle similar to the first one (25-gauge, 90 mm) was requested in all other patients.
Dural puncture could not be achieved with a spinal needle in two patients in group LM despite five needle insertion attempts. Both patients were obese (BMI 39 and 41 kg/m 2 ) and had surface landmarks that were difficult or impossible to palpate. A combined spinal-epidural technique was used in both patients, and this eventually resulted in successful spinal anesthesia. The combined spinal-epidural needle insertion and redirection attempts were not included in the analysis. Dural puncture was unsuccessful in one patient in group US despite four needle insertion attempts (two each at L3-L4 and L4 -L5 interspaces). The patient was moderately obese (BMI 36 kg/m 2 ) with landmarks that were difficult to palpate. The ligamentum flavum-dura mater complex and posterior aspect of the vertebral body could not be visualized at the L2-L3 and L3-L4 interspaces and were only faintly visible at the L4 -L5 interspace. Subsequent attempts by a second anesthesiologist using a combined spinal-epidural technique (again not included in the analysis) also were unsuccessful, and the patient received a general anesthetic.
There were no significant differences between groups in either block-associated pain scores (group US, 3 [1-4)] vs. group LM, 3 [1] [2] [3] [4] [5] ) or patient satisfaction scores (4 [3] [4] [5] in both groups). All patients in whom dural puncture was successfully achieved experienced complete sensory loss to the T7 dermatome or higher. None of the patients experienced any adverse events as a direct result of the study protocol.
Discussion
The technical difficulty of neuraxial blockade is measured using two main parameters: the number of needle manipulations required for success and the time taken to perform the block. Of the two, the former is more important because multiple needle insertions are an independent predictor of complications, such as inadvertent dural puncture, vascular puncture, and paresthesia. 1 Elicitation of paresthesia, in turn, is a significant risk factor for persistent neurologic deficit after spinal anesthesia. 9, 11 Approximately halfway through the study, it became apparent that the first-attempt success rate using the surface landmark-guided technique was going to be lower than anticipated. In retrospect, this is not surprising because we based our initial estimate on studies in the general adult population 1, 2, 15, 16 instead of the subset of patients with predictors of difficulty. Recently published data from Ellinas et al. 3 indicate that the first-pass success rate for neuraxial blockade in parturients with a BMI of 35 kg/m 2 or greater is approximately 35%, which is consistent with our observa- tions. Thus, we decided that an unplanned interim analysis was warranted and applied the stringent stopping rule described in the first paragraph of Results. It should be noted that early stopping may have exaggerated the magnitude of the treatment difference. 19 Nevertheless, the results of the current study clearly show that the ultrasound-guided technique reduces the technical difficulty of spinal anesthesia in patients who have difficult surface anatomic landmarks, even in the hands of experienced anesthesiologists. Additional benefits of using ultrasound to preview the spinal anatomy include estimation of the depth to the intrathecal or epidural space 15, 20, 21 and more accurate identification of the intervertebral levels, [22] [23] [24] which in turn may reduce the risk of conus medullaris injury. 25, 26 The ease with which surface anatomic landmarks can be palpated and identified has been found consistently to be the most important predictor of technical difficulty in neuraxial blockade. [1] [2] [3] [4] [5] This was the primary inclusion criterion for most patients in our study. We also included patients with distorted surface landmarks (i.e., those with clinically obvious lumbar scoliosis), which has also been associated with technical difficulty. 1, 4, [27] [28] [29] These accounted for only a small proportion of subjects (9%). In addition, there were more patients with scoliosis in group US than in group LM, and this is the probable explanation for the observed differences in BMI and surface landmarks between the two groups. Subgroup analyses based on BMI and ease of landmark palpation consistently demonstrated that technical difficulty was reduced by the ultrasound-guided technique, confirming its effectiveness in patients with these clinical features. How-ever, the utility of ultrasound in patients with scoliosis remains unclear and requires additional study.
There are three other limitations to our study. First, neither operators nor observers were blinded to the technique used because doing so was not feasible. Although this introduces the possibility of therapeutic personality bias (systematic error caused by the operator's convictions about the relative efficacy of the interventions) or expectation bias (systematic error in measuring and recording observations to concur with previous expectations), 30 it is unlikely this would change the study's conclusions, given the magnitude of the observed difference. In addition, 65% of all procedures studied were performed by anesthesiologists who were not otherwise involved in the design or conduct of the study.
Second, the incidence of paresthesia or vascular puncture was not recorded, so the impact of the ultrasound-guided technique on these outcomes can only be inferred from the reduction in needle manipulations. Finally, we did not study the efficacy of the paramedian approach to surface landmarkguided neuraxial blockade, which has been shown to be superior to the midline approach in some studies [31] [32] [33] but not in others. 2, 34, 35 The appropriate needle trajectory in the paramedian approach is determined partly by triangulation based on the location of the spinous processes and the estimated depth to the vertebral canal and thus may offer little advantage in patients with poorly palpable surface landmarks.
Multiple case reports demonstrate the utility of ultrasound in guiding neuraxial blockade in patients with difficult spinal anatomy, 18,36 -40 but there has been only one other randomized, controlled trial to date on the subject. Grau 5 vs. 2.6 ). The ultrasound-guided technique was also associated with significant improvements in block-associated pain scores and patient satisfaction. However, the ultrasound-guided technique is not without its limitations. Imaging the vertebral canal on ultrasound (ligamentum flavum, dura mater, and posterior aspect of the vertebral body) can be difficult in the same patient populations in which it is most useful. In obese patients, structures are often less distinct because of the attenuation that occurs as ultrasound waves travel a greater distance through soft tissue. In addition, a phase aberration effect caused by the varying speed of sound in the irregularly shaped adipose layers has been described. 41 Advanced imaging technology may compensate for this deterioration in image quality, so we deliberately performed this study with a midrange compact ultrasound machine typical of that available to most anesthesia departments.
Elderly patients may have degenerative spinal disease with narrowed interspinous spaces and interlaminar spaces as a result of ossification of the interspinous ligaments and hypertrophy of the facet joints, respectively. In such patients, directing an ultrasound beam or needle into the vertebral canal may be physically difficult or impossible. This is likely to have been the reason for the three failures in our study. However, even in the most difficult circumstances, ultrasonography can provide potentially useful information on the location of the neuraxial midline and the interlaminar space.
There is an inherent degree of inaccuracy when marking the needle insertion point on the skin during the preprocedure scan. Currently available curved-array probes do not have markings that precisely indicate from where the ultrasound beam emanates. There is also an element of tissue distortion when performing the ultrasound scan, particularly in the elderly, who often have loose and mobile skin. In addition, skin marking does not indicate the caudad-tocephalad angle at which the needle must be advanced in a midline approach. This can be estimated only from the probe tilt required to produce an optimal image of the interlaminar space. These factors can be compensated for by experience with the ultrasound-guided technique, although the learning curve has yet to be clearly defined. 42 Finally, although the spinal anesthesia performance time was shorter in group US, the overall procedure time (taking into account the time required for scanning) was anywhere from 2 to 7 min longer. We do not consider this clinically significant when weighed against the benefits of the technique in this select population of patients.
In conclusion, preprocedural ultrasound imaging facilitates the performance of spinal anesthesia in the nonobstetric patient population with difficult anatomic landmarks. We believe this is a valuable skill to acquire, especially given the increasing number of elderly and obese patients presenting for orthopedic surgery of the lower limb. 6 -8,43 
